Aims. Our goal is to test the feasibility to obtain accurate measurements of the continuum linear polarization from high-resolution spectra using the spectropolarimetric mode of ESPaDOnS.
Introduction
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installed at the 3.6m Canada-France-Hawaii Telescope (CFHT) in Hawaii. Three operational modes are available in ESPaDOnS: object spectroscopy, sky and object spectroscopy and spectropolarimetry. The first mode reaches a resolving power of 80,000 and the others, up to 65,000.
Polarimetry with ESPaDOnS 1 was initially conceived to detect linear and circular polarization along line profiles (see, for example, Wade et al. 2005 and Harrington & Kuhn 2008) .
The evaluation of the feasibility to measure the continuum polarization during the earlier ESPaDOnS commissioning was not conclusive. A high cross-talk between the Stokes parameters associated to the ESPaDOnS' optics and losses of light over the entrance of the optical fibers were claimed by the ESPaDOnS team as factors which would play against reliable continuum polarization measurements 2 . In consequence, the Libre-ESpRIT pipeline (Donati et al. 1997) , which was routinely applied to ESPaDOnS data over the last years, gave priority to the line effect detection offering as default spectropolarimetry with the continuum removed.
In this work, we present new results on the continuum linear polarization measurements using ESPaDOnS. A sample of objects, including polarimetric standard stars and science objects with polarization measured previously, was used for this purpose. The new reduction software for ESPaDOnS data OPERA 3 (Martioli et al. 2012 ) was intensively used in these tests. This pipeline offers the possibility to compute the continuum polarization for ESPaDOnS data.
Sect. 2 describes the data used in this work including archived and original measure- 
Data description
In this section, we describe the data used to demonstrate the feasibility of measuring the continuum linear polarization using ESPaDOnS. The data set is composed by original observations of Herbig AeBe (HeAeBe) stars gathered with ESPaDOnS at CFHT on semesters 2011A and 2011B (Proposal IDs 11AB04 and 11BB05) . This program was initially proposed to measure the linear polarization across the Hα line. The results concerning the Hα measurements will be published in a separate paper. A total of nine HeAeBe stars were measured and a log of observations is shown in of our sample shown a consistent stability in polarization (see Sect. 5) which helped to test the quality of the continuum linear polarization measured by ESPaDOnS.
In addition, two polarimetric standard stars from the Atlas of HST Polarimetric Calibration Objects (Turnshek et al. 1990) were measured using the same instrument configuration by ESPaDOnS in the 2011B semester as part of an independent program (Proposal ID 11BE95). One of them is the unpolarized star 73 Cet and the other one is the polarized star HD 19820. In order to test the capability of the OPERA software to reduce archived data of ESPaDOnS and enlarge our sample, we selected a couple of HeAeBe stars from the CFHT database 4 (Proposal ID 09AH10). These stars (HD 144432 and HD 150193) also have optical polarimetry already published (Rodrigues et al. 2009 ).
This additional four objects are also included in Table 1 .
Our sample spans V magnitude between 4.3 and 10.4 mag. The archived data (observed in 2009A) and the 2011A HeAeBe stars were observed using the fast readout mode of
ESPaDOnS. The rest of our sample (2011B) were observed using the normal readout mode, which includes a slightly larger overhead between individual exposures. The archived data were taken using the old ESPaDOnS detector EEV1 and the rest of the sample with the new and enhanced detector Olapa. The integration time (IT) by individual frame is also indicated in Table 1 . Considering that a set of eight frames are needed to characterize completely a linear spectropolarimetric measurement with ESPaDOnS, this time must be multiplied by eight to obtain the total observation time (without overheads).
The signal-to-noise ratio (S/N) per CCD pixel for the order # 35 (centered at 647 nm and near the Hα line) is also shown in Table 1 . This S/N is computed by single frame using the Libre-ESpRIT pipeline and recorded in the image headers. All the objects of our sample except three have S/N higher than 150.
As mentioned before, our sample has previous published broad-band polarization and the full polarization range goes from 0.04% (PDS 080) to 4.8% (HD 150193 and HD 19820) -see Table 2 . We believe that this interval is appropriate for testing the continuum linear polarization in most common polarization levels of astrophysical objects.
Reductions with OPERA
The OPERA software 5 was used to reduce the ESPaDOnS data. We installed and run OPERA in a Ubuntu 12.03 Linux system. An overall description of the reduction steps for OPERA can be found in Martioli et al. (2012) . The complete source software is available in the OPERA webpage 6 .
For extracting the flux from the two polarized beams, OPERA implements the optimal extraction algorithm by Horne (1986) and Marsh (1989) using an oversampled tilted aperture. The aperture for extraction consists of a tilted rectangle, where the tilt angle is measured from a two-dimensional instrument illumination profile obtained from a calibration Fabry-Perot alignment exposure. An oversampled tilted aperture for flux extraction is required for ESPaDOnS, since it has an image slicer, which produces a tilted pseudo-slit as the dispersing element. In addition, ESPaDOnS has a limited CCD pixel size that undersamples the spectrum. The detailed algorithms for calibration and reduction of ESPaDOnS data implemented in the OPERA pipeline are thoroughly described in another paper in preparation (Martioli et al. 2014) .
A typical calibration set for the observations presented here is composed by three bias frames, one Th-Ar lamp calibration frame, one alignment frame (Fabry Perot), and a sequence of 20 halogen lamp flat frames. For each science frame, a proper reduced calibration set must be generated considering the same observation mode (Fast, Normal, or Slow) and detector (EEV1 or Olapa).
Each Stokes parameter (Q λ or U λ ) is obtained reducing four single frames in proper positions of the retarders. After this process, OPERA yields the Q λ and U λ spectra and the associated errors. These spectra were conveniently adapted to be read by the specpol 7 package, which allowed us to show multiplots including intensity (I λ ), polarization (P λ ), and position angle (PA λ ) spectra. This package allows spectra binning using a variable bin size having a constant polarization error per bin. The normalized intensity spectra were directly extracted from the products yielded by the Libre-ESpRIT pipeline. Several telluric absorption bands are present in these spectra. For our purposes, the correction for telluric lines is not necessary.
Measuring the linear polarization
A detailed description of the procedure to measure the linear polarization using a simple polarimeter can be found in Bagnulo et al. (2009) . In summary, two different methods are available to obtain the linear polarization and its angle: the ratio and difference methods. It can be shown that the transmitted intensity of light passing through the polarimetric unit of ESPaDOnS, which is composed by two rotatable and one fixed retarders followed by a Wollaston prism as analyser, is given by:
where I * is the incident intensity, and φ 1 and φ 3 are the directions of the retarder's optical axes. The + and − signal indicates the intensities of the measured orthogonal beams produced by the analyser splitting. All these directions are measured with respect to the orientation of the instrument. As this work is focused on liner polarimetry, the V parameter will not be considered. In this sense, a combination of four pairs of rotations of the retarders (φ 1 /φ 3 = 0
• , and, 135
• /135 • ) are needed to measure Q λ and additional four combinations (22.
• 5/0 • , 112.
• 5/45
• , 67.
• 5/90
• , and, 157.
• 5/135 • ) are used to measure U λ . This procedure yields a set of eight spectra for each computed Stokes parameter.
Following the ratio method, we define the ratio between the orthogonal polarization intensities in a given combination of the retarders position as follows:
Then, the Stokes parameters can be obtained from: The degree (P ) and the position angle (PA) of the linear polarization are determined from the following expressions:
In the same way, the difference method can be applied if we define the ratio between the difference and the sum of the two orthogonal polarization intensities in a given combination of the retarders position, as follows:
Then, the Stokes parameters can be obtained from: In this work, the ratio method was used to compute the continuum linear polarization using OPERA. A comparison between the two methods is presented in Sect. 5.
Results
Figures 1-4 show the results for the spectropolarimetry of our sample (Table 1 ). The spectra are binned to enhance the signal-to-noise ratio. We selected a polarimetric error of 0.1%
per bin as a good compromise to show properly the data.
Our sample include HeAeBe stars with typical very low polarizarion levels as HD 144432, PDS 395, and PDS 080. Interestingly, the mean level of the binned polarization spectrum of PDS 395 (Fig. 2) is lower than 0.1%, which is a good example of the capabilities of ESPaDOnS to detect low polarizations. On the other hand, high polarization levels (up to ∼5%) are well sampled as are the cases of the HeAeBe star HD 150193 (Fig. 1 ) and the standard polarized stars HD 19820 (Fig. 4) . As expected, all the HeAeBe stars except one show Hα in emission. As commented before, many HeAeBe stars are time-variable in flux and polarization. Hence caution must be taken when comparing measurements, because possible differences may be intrinsic to the object and not due to observational uncertainties. We looked for previous broad-band polarization measurements of our HAeBe sample to check for variability and only in one case confirmed variability was found (see below).
In order to facilitate the comparison with the literature and test the quality of the continuum linear polarization from ESPaDOnS, we calculate synthetic VRI broad-band polarization averaging the Stokes parameters (Q λ and U λ ) between the cut-on and cut-off wavelengths associated to these standard broad-band filters. The intervals were 5070−5950Å, 5890−7270Å, and 7315−8805Å for V, R, and I filters, respectively. The synthetic values are shown in Table 2 along with the literature values when available.
All the HeAeBe stars of our sample have optical polarization (at V filter) previously measured by Rodrigues et al. (2009) . The two polarimetric standard stars (73 Cet and HD 19820) have published values by Schmidt et al. (1992) .
In Figure 5 , we compare the polarization level at V band of the objects of our sample with their published values (P lit ) as appeared in Table 2 . The polarization degree compar- −3.
• 3 ± 4.
• 3.
ison (Fig. 5a) shows a good agreement between ESPaDOnS data and the results published in the literature. The polarimetric accuracy is preserved for lower and higher values of polarization. The slope one is included to help the comparison. Considering all objects in the sample, the residual of the polarization measurements (Fig. 5b) has a mean zero with a 1-sigma dispersion of 0.23%. This result gives us confidence that accuracies as low as 0.2−0.3% can be obtained measuring the continuum linear polarization with ESPaDOnS.
Consistent with this, the wavelength (λ max ) for maximum polarization (P max ) for the polarized standard star of our sample (HD 19820) computed from the ESPaDOsS spectra (λ max = 5298Å, P max = 4.63%) is in excellent agreement with the published values by The polarization degree measured by ESPaDOnS for the unpolarized standard star 73 Cet deserves a special comment. A consistent 0.5% level is present along the full spectrum (Fig. 4, left ) . This level is well above the published polarization (0.1%, Schmidt et al. 1992) considering our quoted errors. The S/N for this object (see Table 1 ) is similar to other well sampled objects of our sample and this does not seem to be the origin of the discrepancy.
However, an inspection on the integration times reveals that this object is the only one of our sample with a small IT (15 sec). Similar ITs were used by the ESPaDOnS team during the earlier commissioning 8 . Their results were not conclusive about the capability of the instrument to measure the continuum polarization. Probably, this is the case for 73 Cet and small ITs must play against a reliable measurement of the continuum polarization. We believe that such short ITs are not sufficient to take the time to average out the modal noise present in the optical fibers. ESPaDOnS has a fiber agitator at the entrance of the spectrograph, which is a device that agitates the fiber at frequency of 30 Hz and amplitude of 1 mm. Interestingly, a minimum of 30 sec was suggested by the ESPaDOnS team for a proper remotion of the modal noise present in the optical fibers. This procedure must guarantee a S/N ratio compatible with the photon noise. Nevertheless, this issue needs to be confirmed in the future.
We also computed the residuals between the ESPaDOnS polarization position angle and the published values (Fig. 5c ). Caution must be taken in this comparison because low polarization levels cause high indetermination in the PA. For this reason, we computed the residuals in PA only for objects with high polarization degree (larger than 0.5%, Fig. 5d ).
Using this criterion, five objects were removed from the subsequent analysis.
In particular, the PA residual of HD 144668 (∼30 • ) also fitted our criteria of higher P . Nevertheless, this object is the only source of our sample that seems to show historical intrinsic variability in PA 9 (Hutchinson et al. 1994 , Bhatt 1996 and it was not included in Fig. 5d .
The residuals in PA have a mean of −3.
• 3. Therefore, the accuracy in PA for measurements of the continuum linear polarization using ESPaDOnS is better than 5
• .
In particular, the constancy of the PA along the spectra for the polarized standard star (HD 19820, Fig. 4, right ) and its comparison with the published broad-band values (see Table 2 ) indicate a very reliable result.
In general, the comparison of the optical synthetic broad-band polarimetry indicates that accurate continuum linear polarization measurements are feasible using ESPaDOnS.
The measured polarizations are consistent with the literature values.
A comparison between the two methods implemented by OPERA (see Sect. 4) to compute the polarization was done for the high polarized object HD 150193. Figure 6 shows the residuals between the ratio and difference methods computed in polarization degree and position angle. The residual in polarization degree is 0.02% ± 0.05% and in polarization angle is -0.01 • ±0.13
• . These values imply that both methods yield similar results, whose differences are below 0.05% in polarization and 0.2 • in PA. Hence, the results using OPERA are independent of the method used to compute the polarization.
Conclusions
We demonstrated the ESPaDOnS capability to measure continuum linear polarization. b This object presents confirmed variability in polarization (specially in PA). Hutchinson et al. (1994) reported P (V ) = 1.19% (0.08%) at PA = 13.4 • (5.
• 5), and Bhatt (1996) P (V ) = 0.58% (0.11%) at PA = 168 • (5 • ). Our result is more consistent with Hutchinson et al. (1994) , and Rodrigues et al. (2009) with Bhatt (1996) .
